The continuous production of extracellular heterologous ␤-galactosidase by a recombinant flocculating Saccharomyces cerevisiae, expressing the lacA gene (coding for ␤-galactosidase) of Aspergillus niger was investigated. A continuous operation was run in a 6.5 l airlift bioreactor with a concentric draft tube using lactose as substrate. Data on the operation with semi-synthetic medium with 50 and 100 g/l initial lactose concentrations are presented. The best result for ␤-galactosidase productivity-6.2 × 10 5 U/1 h-was obtained for a system operating at 0.24 h −1 dilution rate and for a lactose concentration in the feed of 50 g/l. This value represents a 11-fold increase in ␤-galactosidase productivity when compared to batch culture. Together with extracellular ␤-galactosidase production an ethanol productivity of 9 g/1 h was obtained for the bioreactor fed with 50 g/l initial lactose concentration at 0.45 h −1 dilution rate. In addition to ␤-galactosidase and ethanol production, this system allowed for complete lactose metabolism. The feasibility and advantages of using continuous high-cell-density systems operating with flocculent yeast cells for extracellular protein production is clearly shown.
Introduction
Principal among some enzymes that have important and growing applications is ␤-galactosidase [1] . This enzyme is mainly used to hydrolyse lactose into glucose and galactose. Problems with lactose fall within three main areas, health, food technology and environment and are behind the ongoing interest in ␤-galactosidase production. Concerning the health issue, lactose becomes a problem when there is insufficient intestinal ␤-galactosidase enzyme and lactose is passed into the blood, finally appearing in the urine and in the large intestine resulting in several disorders [2] . Lactose intolerant people are restricted to the lactose amount they can ingest daily. Because of these problems the reduction of the lactose content in milk and dairy products is of prime importance and the enzyme ␤-galactosidase is commercially used for this purpose [3, 4] . From the food technology point of view, the high lactose content in non-fermented milk products such as ice-cream and condensed milk, can lead to excessive lactose crystallisation resulting in products with a mealy, sandy or gritty texture. Again, the use of ␤-galactosidase enzyme prior to the condensing operation can reduce the lactose content to a point where lactose is no longer a problem [2] . Moreover, glucose and galactose expand the use of lactose in food because of a marked increase in sweetness and solubility [5] . From the environmental point of view, lactose is associated with the high biochemical and chemical oxygen demand (BOD/COD) content of whey. With the ever-increasing market for whey protein concentrates (WPC), a lactose-rich stream is produced (permeate) with reduced economical value but still with a high pollutant load. Several alternatives exist for cheese whey/permeate treatment, ␤-galactosidase application certainly being one of these. ␤-Galactosidase can be employed directly to the cheese whey/permeate stream resulting in high sweetness syrups and used as additive in ice-creams, desserts, etc. [6] . Another alternative is to produce cheese with an enzymatic ␤-galactosidase treatment, resulting in cheese whey with low lactose content enabling its concentration and use as a food additive [7] . New applications for ␤-galactosidase enzyme such as in the recovery of biologically active oligosaccharides from milk have also been described in literature [8] .
␤-Galactosidase industrial production is hampered by the high costs associated with its production and purification. One way to improve the overall productivity of ␤-galactosidase fermentation system would be to use continuous high-cell-density systems. Among these, those that use flocculent cells are attractive due to its simplicity and low cost. In addition, as in any other fermentation process, the system overall productivity will be improved if a low cost substrate is used, as is the case of lactose [5] .
We have previously described the construction of a flocculent Saccharomyces cerevisiae strain [9] for lactose fermentation and its application in a continuous high-cell-density bioreactor for cheese whey treatment with high ethanol productivity [10, 11] . The contamination resistance of this system when operated at sufficiently high dilution rates was also shown [12] . In this work, we intend to show the applicability of continuous high-cell-density systems operated with flocculent yeast cells for extracellular ␤-galactosidase production. These systems have never been used for extracellular protein production before. For this purpose a flocculent S. cerevisiae strain secreting high levels of Aspergillus niger ␤-galactosidase was constructed and applied to a continuous high-cell-density bioreactor fed with lactose substrate. As ␤-galactosidase is secreted into the culture medium and cells are easily separated from the culture broth (due to its flocculence) the purification step is greatly simplified. Moreover, due to the higher biomass concentration occurring inside the bioreactor, higher ␤-galactosidase productivity is obtained for this system, allowing for a significant improvement in ␤-galactosidase fermentation process.
Material and methods

Microorganism
A recombinant S. cerevisiae NCYC869-A3/pVK1.1 flocculent strain expressing the lacA (coding for ␤-galactosidase) gene of A. niger under the S. cerevisiae ADH1 promoter and terminator was used [13] . 
Culture media
Continuous-culture experiments
An airlift bioreactor with a concentric draft tube made of Perspex with a working volume of 6.5 l was used [10] . The regulation system allows for temperature control at 30±1 • C, foam level control by addition of antifoam (Sigma A-5551) and pH control by automatic addition of ammonia with a set-point at pH 4.0 ± 0.1. The system was aerated with filtered air at a flow rate of 0.0800-1.0000 ± 0.0002 vvm (volume air per volume reactor per minute). The flow rate was controlled using a Hastings mass-flow controller. It is worth noting that an increase in the air-flow rate was needed when increasing dilution rate in order to prevent the bioreactor from stalling. Dilution rates were assayed between 0.1 and 0.45 h −1 .
For start-up of the continuous culture, cells were grown in a 2-l Erlenmeyer flask filled with 1 l of culture medium, for 24 h. The cell suspension was then aseptically transferred to the bioreactor, which was kept in batch operation for 24 h before switching on to continuous feeding.
Analysis
The cell concentration, i.e. biomass concentration, was estimated by a dry weight method. The dry weight cell concentration was determined by filtering the sample through 0.2-m filter paper and then dried at 105 • C for 24 h. Total reducing sugar concentration was determined by a dinitrosalicylic acid method [14] . Lactose, glucose, galactose and ethanol concentrations were determined by HPLC (PL Hi-Plex PB Column). The solvent used was ultra-pure water, at a flow rate of 0.6 ml/min, while detection was effected with a refractive-index detector. Temperature was maintained at 80 • C. Cell viability was estimated by the vital methylene blue staining method and direct cell counting in a Neubauer chamber. The percentage of cells expressing ␤-galactosidase was monitored in YNB medium containing galactose as the carbon source and X-gal as indicator of ␤-galactosidase activity.
Results and discussion
Different fermentation parameters measured during continuous operation at increasing dilution rates are represented in Fig. 1 . Continuous operation was started at 0.1 h −1 dilution rate and increased stepwise (up to 0.45 h −1 ). At each dilution rate, five residence times were allowed to pass. Fermentation parameters (total reducing sugars, ethanol, biomass and ␤-galactosidase concentration) were measured and a new dilution rate applied.
Initially, the ␤-galactosidase extracellular production increased with the increase in the dilution rate, remained constant between 0.13 and 0.24 h −1 dilution rate, suffered an accentuated decrease for 0.3 h −1 dilution rate and stabilised for higher dilution rates. For dilution rates lower than 0.24 h −1 reducing sugar concentration was always smaller than 1 g/l. When increasing the dilution rate from 0.24 to 0.3 h −1 , the reducing sugar concentration raised to 5 g/l being this value kept at 0.4 h −1 dilution rate. At higher dilution rates, a further increase in reducing sugar concentration was observed.
Cell viability was more than 90% during the entire operation period. For dilution rates lower than 0.24 h −1 , the percentage of cells expressing ␤-galactosidase was more than 90%, decreasing for higher dilution rates. As may be observed, a continuous decrease in extracellular ␤-galactosidase production (expressed as U/ml or U/g biomass) was obtained for higher dilution rates. The observed increase in the ␤-galactosidase activity for the lower dilution rates maybe due to an increase in the plasmid copy number attributed to continuous selection for cells with higher copy number [15] or to an increase in the efficiency of the secretion process [16] . As dilution rate was increased, biomass growth led to an increase in biomass accumulation inside the bioreactor with a simultaneous increase in ␤-galactosidase activity. This increase in extracellular ␤-galactosidase activity led to a more rapid lactose hydrolysis rate than the galactose and glucose metabolisation rate, allowing sugar accumulation in the culture medium. The existence of glucose and galactose sugars in the culture broth may induce the growth of cells that have lost the plasmid or may repress ␤-galactosidase production, decreasing the percentage of ␤-galactosidase producing cells. Up to a dilution rate of 0.3 h −1 the glucose and galactose concentration in the culture broth were less than 1 g/l, for 0.35 h −1 a 2.7 g/l galactose concentration and 2.0 g/l glucose were detected, while for 0.45 h −1 these values increased to 3.8 and 2.7 g/l, respectively. These data confirm the previous reasoning on the importance of the relative values of the glucose and galactose metabolisation rates and the rate of ␤-galactosidase production in the control of the percentage of ␤-galactosidase producing cells.
For 50 g/l initial lactose concentration, this continuous high-cell-density system allowed for an 11-fold increase in ␤-galactosidase productivity when compared to batch system (Table 1) . It is worth noting that, besides extracellular ␤-galactosidase production, ethanol production close to the expected theoretical values [17] was obtained (Fig. 1) . For this system, the maximum ethanol productivity, 9 g/l h, was slightly lower than that obtained with the recombinant strain S. cerevisiae NCYC869-A3/T1 [10] although higher than the reported for conventional systems.
As for batch experiments a two-fold increase in supernatant ␤-galactosidase activity was observed when the lactose initial concentration was increased from 50 to 100 g/l [13] , continuous operation of the bioreactor fed with a 100 g/l initial lactose concentration was assayed. However, for the tested dilution rates the extracellular ␤-galactosidase concentration decreased continuously with increase in dilution rate (Fig. 2) . Once more, the decrease in ␤-galactosidase activity occurred simultaneously with an increase in the reducing sugars concentration in the fermentation broth (Table 2 ). Even though cell viability was always above 90%, an increase in the biomass concentration in the effluent was observed for dilution rates higher than 0.15 h −1 .
After ␤-galactosidase activity in the fermentation broth reached a value that makes the lactose hydrolysis rate higher than the rate of glucose and galactose metabolism, sugar accumulation in the culture broth occurs and the percentage of ␤-galactosidase producing cells decreases (for the 0.18 h −1 dilution rate only 35% of the yeast cells in the bioreactor were producing ␤-galactosidase). In spite of this reduction of ␤-galactosidase producing cells a four-fold increase in ␤-galactosidase productivity (Table 1 ) was observed at this dilution rate when compared to batch culture with the same medium (100 g/l initial lactose concentration).
Conclusions
For economic reasons, it is important to maximise protein production by genetic means or/and microbial process development. This can be achieved by increasing the amount of protein per cell per time and/or by increasing cell concentration per time [18] . In this work, the feasibility of using flocculent continuous high-cell-density systems for higher extracellular protein production has been shown, being achieved an increase in ␤-galactosidase productivity (4-11-fold increase) when compared to batch cultures for the same substrate concentration. Moreover, the purification steps are greatly simplified as cells are easily separated from the culture broth. Even though for batch cultures with a 100 g/l initial lactose concentration a two-fold increase in ␤-galactosidase productivity was observed when compared to a 50 g/l initial lactose concentration, the same was not observed in continuous high-cell-density culture. A decrease on the number of ␤-galactosidase producing cells was observed when the rate of lactose hydrolysis by the secreted ␤-galactosidase was higher than the rate of metabolism of glucose and galactose.
The developed system is particularly attractive for application in the dairy industry. Besides producing extracellular ␤-galactosidase that can be easily separated from the culture broth, the recombinant S. cerevisiae strain also presented high ethanol productivity (9 g/l h).
The feasibility of using continuous high-cell-density systems with flocculent yeast cells for the extracellular production of heterologous proteins has been proved. Up to now these systems have been mainly studied for the production of ethanol [19] .
